Starting in 1965 the Santa Clara Valley Water District began importing about 100,000 acre-feet per year of northern California water. About one-half of this water was used to artificially recharge the Upper Penitencia Creek alluvi 3 "1 fan in Santa Clara Valley. In order to determine the rea.^ tive amounts of local ground water and recharged imported water being pumped from the wells, stable isotopes of oxygen and hydrogen were used to trace the movement of the imported water in the alluvial fan.
To trace the movement of imported water in the Upper Penitencia Creek alluvial fan, well samples were selected to give areal and depth coverage for the whole fan.
The stable isotopes of oxygen-16, oxygen-18, and deuterium were measured in the water samples of imported water and from the wells and streams in the Santa Clara Valley.
The 6 18 0 and 6D compositions of the local runoff were about -6.00 o/oo (parts per thousand) and -40 o/oo, respectively; the average compositions for the local native ground-water samples were about -6.1 o/oo and -41 o/oo, respectively; and the average compositions of the imported water samples were -10.2 o/oo and -74 o/oo, respectively.
(The oxygen isotopic composition of water samples is reported relative to Standard Mean Ocean Water, in parts per thousand.)
The difference between local ground water and recharged imported water was about 4.1 o/oo in 6 1 0 and 33 o/oo in 6L
The isotopic data indicate dilution of northern California water with local ground water in a downgradient direction. Two wells contain approximately 74 percent northern California water, six wells more than 50 percent. Data indicate that there may be a correlation between the percentage of northern California water and the depth or length of perforated intervals in wells.
INTRODUCTION
The Santa Clara Valley is an important population center that has been growing at a rapid rate. Groundwater pumping had increased so dramatically by 1950 that water levels were the lowest ever recorded. Eight conservation reservoirs had previously been constructed to capture and store runoff from winter rains for later release into streambeds and percolation ponds from which the ground-water basin could be recharged. A major program to import water began in 1952 when an extension of the Hetch Hetchy Aqueduct was opened.
As demand surpassed supplies from the aqueduct and local wells, the State of California was contracted with to supply northern California water to the Santa Clara Valley through the South Bay Aqueduct of the California Water Project. Deliveries to the northern part of the Santa Clara Valley began in 1965 and have averaged about 100,000 acre-ft/yr. About one-half of this amount is used for artificial recharge.
The two primary sites for recharge of South Bay Aqueduct water are the percolation ponds and streambeds in Upper Penitencia and Los Gatos Creeks ( fig. 1) . Depending on the availability of local surface-water supplies, imported water is recharged at these sites. At Upper Penitencia Creek, northern California water or water from nearby Del Valle Reservoir, about 20 mi northeast of the study area, is recharged. At Los Gatos Creek, northern California water or water from Anderson, Del Valle, or Lexington Reservoirs is recharged.
One of the questions considered in such a recharge scheme is whether it is possible to determine the relative amounts of native ground water and recharged imported water in the water being pumped from wells. An earlier investigation, based on the difference in the chemical composition of imported water and local ground water, was not successful because the chemical composition of imported and local water changed shortly after percolation into the ground-water system (Averett and others, 1971, p. 7) . This report presents a method based on the differences in the stable isotope ratios of waters from different sources. The stable isotope technique involves measurement of the isotopic species oxygen-16 (H2 160), oxygen-18 (H2 180), and deuterium (HD 160) in a water sample. The hydrogen isotopic ratio, D/H, is determined from HD 160 and H2 160, and the oxygen isotopic ratio, 180/ 16 0, is determined from H2 180 and H2 160. Variability in 180/ 160 of natural waters is only a few parts per hundred, so it is convenient to determine the difference between 180/ 16 0 abundance of a sample and that of a standard, in parts per thousand (o/oo), defined as delta 18 0 (6 18 0). Thus: The standard used for this water-resources study is SMOW (Standard Mean Ocean Water) as defined in Craig (1961b) . A sample that is +10 o/oo is said to contain 10 parts per thousand or 1 percent more 18 0 than does SMOW. In a like manner we define delta D (6D):
The importance of the stable isotope technique in water-resources investigations is that, in general, 6D and 6 180 are different for waters of different origin. The ratios D/H and 180/ 160 of precipitation are chiefly a function of the place of precipitation. Precipitation in inland areas and higher latitudes is more depleted in 18 0 and D than precipitation near the coast and in the more temperate areas. Craig (1961a) has found a linear correlation between 6D and 6 180 of precipitation samples from all over the world such that 6D = 8 6 180 + 10.
It has been observed that in certain regions the constants in this equation need some modification, as discussed by Dansgaard (1964) and Gat (1971) . Consequently, the 6D and 6 180 values of precipitation can be used to "tag" water from different sources. The two primary processes that modify the isotopic composition of water are (1) evaporation and (2) The purpose of this study, made in cooperation with the Santa Clara Valley Water District, was to trace the movement of imported water recharged into the Upper Penitencia Creek alluvial fan by using the stable isotopes of oxygen and hydrogen. The District has the responsibility for taxation of water used, and as such would like to know who is benefiting, and by how much, from their ground-water-recharge program.
The study was in two phases. The objective in the first phase was to obtain background data on the isotopic composition of water from wells and streams throughout the Santa Clara Valley. Descriptions of the sampling sites are given in table 1 and locations are shown in figure 1. Several samples of imported water (site MP5) were also collected and analyzed. Isotopic analyses of these samples, collected in May 1974, are given in table 2.
The second phase focused on the Upper Penitencia Creek alluvial fan. Wells were selected for sampling on the basis of information from well logs to give areal and depth coverage of the whole fan ( fig. 2) . GEOHYDROLOGIC SETTING Non-water-bearing rocks form the highlands bordering the Santa Clara Valley and underlie water-bearing sediments of the valley itself.
The non-waterbearing rocks range in age from Jurassic to late Tertiary. Marine sandstone and shale are the most common rock types, but conglomerate, chert, marl, and several varieties of basic igneous rocks also occur.
The water-bearing sediments are of Pliocene to Holocene age.
Pliocene and Pleistocene sediments crop out in hills adjacent to the valley floor and underlie most of the sediments of Pleistocene and Holocene age that compose the valley fill. The Pleistocene and Holocene sediments, comprising more than 1,000 ft of poorly sorted gravel, sand, and clay, contain most of the ground water in the Santa Clara Valley.
The Upper Penitencia Creek area (figs. 1 and 2) is underlain by Holocene alluvial fan deposits that consist of material eroded from the mountains on the east and transported by Upper Penitencia Creek to the Santa Clara Valley. These deposits are probably 400-500 ft thick and coalesce with fan deposits from Berryessa Creek to the north and Coyote Creek to the south and west ( fig. 1) in composition to the alluvial fan deposit but more firmly consolidated and, consequently, less permeable. The older alluvium and Santa Clara Formation have a combined thickness of probably more than 500 ft. Yields of wells in the alluvial fan deposits are generally higher than those of wells producing from the older alluvium and the Santa Clara Formation. For a more detailed discussion of geology and hydrology of the Santa Clara Valley, see reports by Tibbetts and Kieffer (1921) , Clark (1924) 
ANALYTICAL METHOD
Hydrogen from water samples was quantitatively liberated from an aliquot of sample by reaction with hot uranium metal (Bigeleisen and others, 1952) . Hydrogen isotopic composition was determined on a 7.5-centimeter, 60°-sector, isotope-ratio mass spectrometer (McKinney and others, 1950) , with correction for 3H (after Coplen, 1970) , and correction for mixing of sample and standard gases due to glass valve leakage (after Craig, 1957) . The hydrogen isotopic composition of water samples is reported in parts per thousand difference from SHOW as defined by Craig (1961b) and not as distributed by the International Atomic Energy Agency (see Coplen and Clayton, 1973) . The precision of the hydrogen isotopic determination is ±1.5 o/oo.
Water samples were prepared for oxygen isotopic analysis by the method described by Epstein and Mayeda (1953) . C0 2 gas was isotopically equilibrated with a water sample for 5 days in a constanttemperature bath at 25.0°C. Aliquots of the C0 2 gas were analyzed on a double-focusing, double-collecting isotope-ratio mass spectrometer (Coplen, 1973) , and corrections made after Mook (1968) . The oxygen isotopic composition of water samples is reported relative to SHOW in parts per thousand. The precision of the oxygen isotope determination is ±0.1 o/oo.
DISCUSSION AND RESULTS
Surface-water and ground-water samples were collected initially at sites throughout the valley. Then, because imported water was being recharged into the Upper Penitencia Creek alluvial fan, sample collection was intensified in that area ( figs. 1 and 2) .
Selected data from table 2 are shown in figure 1 . Samples collected at surface-water sites show that the 6 180 and 6D compositions of local runoff are about -6.00 o/oo and -40 o/oo, respectively. These values are reasonable for middle-latitude, near-ocean, lowland, meteoric precipitation (Dansgaard, 1964) . The variability in the surface-water data is relatively small, in support of the fact that the sources of surface recharge are similar in elevation and temperature.
The average 6 180 and 6D compositions of groundwater samples (excluding samples that might show a difference because of input of imported water) are about -6.1 o/oo and -41 o/oo, respectively. These data are almost identical to the surface-water results. They support the hydrologic model of this valley (California Department of Water Resources, 1975) , in which the ground-water system is recharged by movement of local precipitation through permeable valley fill.
Water sampled at site MP5 is imported water recharged into the Upper Penitencia Creek alluvial fan. Fourteen analyses from this location are shown in table 2. Sample WW-128 consists primarily of water from Del Valle Reservoir. Water from this reservoir is used for recharge into the Upper Penitencia Creek alluvial fan. As expected, this sample is similar in isotopic composition to the surface-water samples analyzed in the study area. The other samples are northern California aqueduct water.
They average -10.2 o/oo and -74 o/oo in 6 180 and 6D, respectively, more depleted than any of the samples of surface water or native ground water from the study area. The difference in 6 180 between native ground water and northern California aqueduct water is about 4.1 o/oo. The difference in <5D is 33 o/oo. These differences are at least 20 times as large as the possible error in analysis.
The consequence of these results is that one can calculate the proportions of local ground water and imported northern California recharge water in well water samples from the Santa Clara Valley. The accuracy of this calculation is within 20 percent and probably within 10 percent.
A possible source of error is the unknown isotopic composition of northern California recharge water over the past decade. If one assumes that the isotopic composition has remained constant since 1965, date of completion of the aqueduct to the Upper Penitencia Creek alluvial fan, the error is probably small because the storage reservoirs between the source and study area tend to average out short-term fluctuations in isotopic composition.
The data from table 2 are shown in figure 3 , a plot of 6D versus 6 180. Only the average value for each well is plotted. All the data lie near a meteoricwat -line with a slope of 8 and an intercept of sligntly under 10 (see equation 3).
In general, the abundance of 180 and D in water increases during evaporation following a slope of 3 on a plot of 6D versus 6 180. None of the analyses in this study lie significantly off the meteoric-water line.
There* fore, none of these samples have undergone significant evaporation that would modify their oxygen and hydrogen isotopic composition.
The correlation between 6D and 6 180 is excellent.
The analyses of imported-water samples from northern California, which are from the climatically coldest source area, plot nearest the lower left corner of the graph. A number of analyses plot between the northern California water analyses and analyses of samples of local native surface and ground water. Inspection of table 2 shows that these are samples from wells within several miles of and downgradient from the Upper Penitencia Creek percolation pond ( fig. 2) . There seems to be a linear relation between the distance downgradient and the isotopic composition of water obtained from these wells.
The 6D and 6 180 values follow:
The isotopic data indicate dilution of northern California water with local ground water in a downgradient direction. Using these data, it is possible to calculate the proportions of northern California aqueduct water and local ground water in these wells. For local ground water, values of -6.1 o/oo and -41 o/oo for 6 180 and 6D, respectively, are used. One can write for either 6 180 or 6D that percentage northern 6 -6
California water = J* _ ^ 100,
n a where 6 is the isotopic composition of northern California water, 6
is the isotopic composition of native ground water, and 6 is the isotopic composition of the well water sample. Percentage values were calculated from the oxygen and hydrogen isotopic analyses. Results of calculations for samples from the Upper Penitencia Creek alluvial fan area are shown in table 3. Two wells, MP11 and MP21, contained approximately 74 percent northern California water.
Six wells contained more than 50 percent northern California water. The percentage values are plotted in figure 2, a map showing the percentage distribution of northern California water in the Upper Penitencia Creek alluvial fan. The map shows that northern California water has moved throughout the fan area since deliveries began in 1965.
The present study was made during the 1975-77 period of drought. How much effect the lack of local recharge had on the mixing percentages cannot be determined.
Sufficient data are not available to establish a correlation between the percentage of northern California water and the depth or length of perforated intervals in wells. Data from MP23 and MP24, however, indicate that there may be such a correlation. Water from well MP23, located about 300 ft from MP24, had 16 percent northern California water ( fig. 2) . MP23 is perforated from 10 to 92 ft below NGVD. A water sample taken at the same time from MP24 contained 24 percent northern California water. MP24 is perforated from 153 to 403 ft below NGVD.
For the period of record 1975-77, there was no discernible net change in the isotopic composition of the ground water in the Upper Penitencia Creek alluvial fan. This is shown graphically in figure 4 , where 6 180 values are plotted for imported northern California water, Upper Penitencia Creek water, and water from three wells. The plots, in conjunction with figure 2, also show that, as ground water moves downgradient from the percolation ponds where imported northern California water is being recharged, the 6 180 composition of well water approaches that of Upper Penitencia Creek.
The results of this study indicate that the stable isotope technique can be used to calculate the relative amounts of local ground water and imported recharge water of a different isotopic composition. Therefore, it is possible to trace the movement of the imported water through the aquifer. If samples for isotope analyses were collected from the beginning of an imported-water recharge operation, the velocity of the recharge water moving through the aquifer could also be determined. 
